Diarrhoea in newborn and weaned piglets is mainly caused by enterotoxigenic Escherichia coli (ETEC) with fimbriae F4. To investigate the prevalence of resistance to three fimbrial strains, F4ab, F4ac and F4ad, among Chinese indigenous pigs and Western commercial pigs introduced into China, we determined the ETEC F4 adhesion phenotypes in 292 pure-bred piglets from three Western commercial breeds and 12 Chinese indigenous breeds, and a total of 1093 adult pigs in a White Duroc¾Erhualian intercross, by an in vitro microscopic adhesion assay. All the Tibet and Lantang pigs and a majority of the Erhualian and Rongchang pigs were resistant (nonadherent) to ETEC F4 whereas all the Laiwu pigs and most of the Jiangquhai and Tongcheng pigs were susceptible (adhesive) to at least one of the F4 strains. Yushan Black pigs were uniformly resistant to F4ab, and Jinhua pigs were predominantly resistant to F4ac. Susceptible and resistant animals were observed in the other breeds, indicating that diarrhoea caused by ETEC F4 could be prevalent in these breeds. This study confirmed the existence of eight previously reported F4 adhesion patterns, and supported the assumption that the three F4 receptors are encoded by distinct loci. Expression of the weakly adherent phenotype was observed in six pure-bred piglets and 90 adult F 2 /F 3 animals, and the inheritance of this phenotype and its correlation with susceptibility to disease are still not known.
INTRODUCTION
Diarrhoea in neonatal and young pigs is a serious disease with significant economic losses in the pig industry. Enterotoxigenic Escherichia coli (ETEC) F4, previously known as K88, are major causes of diarrhoea in piglets (Moon et al., 1999; Jin & Zhao, 2000) . The bacteria attach to specific receptors on the epithelial cell brush border of the small intestine by fimbrial adhesins which have three serological variants, viz. F4ab, F4ac and F4ad (Guinée & Jansen, 1979) . Colonizing bacteria synthesize enterotoxins that trigger the secretion of water and electrolytes into the gut lumen of the small intestine and then lead to diarrhoea (Chandler et al., 1994; Van den Broeck et al., 2000) . Some piglets are innately resistant to ETEC F4 infection, and resistance to the bacteria is inherited as an autosomal recessive Mendelian trait (Gibbons et al., 1977) . Susceptibility or resistance to ETEC F4 is correlated with whether or not brush borders of the pig intestinal epithelium bind to the bacteria. The adhesion of the bacteria to brush border vesicles can be visualized by phase-contrast microscopy. Using an in vitro microscopic brush border adhesion test with ETEC F4ab and F4ac, Sellwood et al. (1975) and Rutter et al. (1975) ) and E (no F4 binding). Rapacz & Hasler-Rapacz (1986) and Hu et al. (1993) verified the existence of four adhesion phenotypes, A, B, D and E, in American pig breeds. Subsequently, Baker et al. (1997) found a new adhesion phenotype of only binding F4ab, which was designated F. The six adhesion phenotypes have been confirmed by Python et al. (2005) . Additionally, Bonneau et al. (1990) and Li et al. (2007) (Zhang et al., 1986) . So far, there have been limited reports on resistance/susceptibility to ETEC F4 in Chinese indigenous pig populations. Pigs of Chinese Meishan, Minzhu and Fengjing breeds are mainly resistant to ETEC F4ac (Chappuis et al., 1984; Michaels et al., 1994) . The prevalence of ETEC F4 adhesion phenotypes in other Chinese indigenous pig breeds remains unknown. The aim of this study was to test the F4 adhesion patterns in 12 Chinese indigenous pig breeds representing six ecotypes, three Western commercial pig breeds and in a large-scale F 2 /F 3 population from a White Duroc6Erhualian intercross, providing an experimental population for fine mapping and characterization of the genes encoding the intestinal F4 receptors.
METHODS
Animals. A total of 292 pure-bred piglets at 6-8 weeks of age were selected from 12 Chinese indigenous breeds and three Western commercial breeds (Table 1) . Animals were chosen from at least three unrelated sire families (no common ancestry for three generations) in each breed except for the Lantang breed, from which only one sire family was sampled. Moreover, a total of 1093 adult pigs at 240 days of age, 783 F 2 and 310 F 3 individuals, from a four-generation White Duroc6Erhualian intercross were tested. The resource population was developed from two White Duroc boars and 17 Chinese Erhualian sows. Nine F 1 sires and 59 F 1 dams were intercrossed to generate F 2 animals through six batches, from which 62 F 2 boars and 149 F 2 sows were selected to produce F 3 animals. All animals were slaughtered for isolation of brush borders of the small intestines. (F4ab, F4ac and F4ad) to express specific fimbriae was confirmed by agglutination assay before each assay. Bacteria were firstly cultured in broth culture medium, and sloped BBL medium containing 1.9 % agar was then used to clone the bacteria for 18 h at 37 uC. Bacterial cells were suspended in PBS (15 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 , 137 mM NaCl, 2.6 mM KCl, adjusted to pH 7.4 with NaOH) and adjusted to achieve an OD 560 of approximately 1.0 for microscopic adhesion assay.
Brush border preparation. The intestinal brush borders were isolated according to previous reports (Rapacz & Hasler-Rapacz, 1986; Baker et al., 1997) . For each specimen, a piece of jejunum (approx. 2 cm) was excised from the small intestine within 30 min post-mortem. It was then opened along the longitudinal axis and washed free of contents with cold PBS (pH 7.4) containing 0.1 M EDTA, and then placed on ice until processed. Subsequently, the sample of jejunum was immersed in a cold hypotonic EDTA solution (5 mM EDTA, adjusted to pH 7.4 with Na 2 CO 3 ) for 20 min and hereafter it was gently rinsed to eliminate debris. Epithelial cells were removed by scraping the mucosal surface of the jejunum with a glass microscope slide and subsequently immersed in the cold hypotonic EDTA solution for 30 min. After suspension with a blunt plastic pipette, enterocytes were homogenized with a T18 basic tissue grinder (IKA) at 12 000 r.p.m. for approximately 20 s and then filtered through four layers of gauze. The filtrate was centrifuged at 3500 r.p.m. for 10 min to pellet brush borders, which were then resuspended in 50 ml cold PBS and centrifuged at 3500 r.p.m. for 10 min. Brush border pellets were suspended again in cold PBS with the addition of 100 ml gentamicin sulfate (1 mg ml 21 ) and sodium azide (3 mM), and were finally made to a final concentration of 1610 6 cells ml 21 and stored at 4 uC.
Adhesion assay. An in vitro adhesion assay was performed as described previously (Rapacz & Hasler-Rapacz, 1986; Baker et al., 1997) . Briefly, each brush border was tested for its adhesion with F4ab, F4ac, F4ad and F4
2
. For each assay, equal volumes (100 ml) of bacterial suspension and brush border suspension were incubated with 50 ml mannose (0.4 mg ml 21 ) at 37 uC for 30 min with gentle shaking. The incubation was then checked by phase-contrast microscopy (Leica). Twenty well-separated and intact brush borders were scored for each specimen. In cases where fewer than four brush borders bound more than two bacteria, an additional 20 brush borders were examined. According to criteria proposed by Baker et al. (1997) , specimens were classed as adhesive (susceptible) to ETEC F4 strains if at least 10 % of brush borders bound more than two bacteria. Specimens with all brush borders bound by fewer than two bacteria were judged non-adhesive (resistant) animals. Otherwise, specimens were considered weakly adhesive.
RESULTS
For each F4 strain, we observed three adhesion phenotypes, adhesive, non-adhesive and weakly adhesive, in the tested pigs (Fig. 1) . Most of the pigs with an adhesive phenotype had all their brush borders binding more than two bacteria. The distribution of adhesion phenotypes in 12 Chinese indigenous breeds and three Western commercial breeds is shown in Table 1 . The eight reported brush border adhesion patterns (A-H; Baker et al., 1997; Python et al., 2005; Bonneau et al., 1990; Li et al., 2007) were observed in these pure-bred pigs. Adhesion phenotypes G and H were predominantly detected in Chinese indigenous pigs except one Duroc pig and one Large White pig had phenotype G with the weak adherence.
Phenotypes A, B and E were common adhesion phenotypes in Western pig breeds, while pigs of Chinese indigenous breeds had distinct adhesion phenotypes. Pigs of Chinese Erhualian, Lantang, Rongchang and Tibet breeds were highly resistant to ETEC F4, while all the Laiwu pigs and most of the Jiangquhai and Tongcheng pigs were susceptible to at least one of the F4 strains. Jinhua pigs were predominantly resistant to F4ac, and Yushan black pigs were uniformly resistant to F4ab. Animals susceptible and resistant to one of the F4 variants were both observed in Chinese Shaziling, Hang and Bama Xiang breeds and Western commercial breeds including Duroc, Large White and Landrace. A higher proportion of resistant animals were found in Duroc pigs than in Large White and Landrace pigs.
The F4 adhesion phenotypes in F 2 /F 3 pigs from the White Duroc6Erhualian intercross are presented in Table 2 . We also observed eight adhesion patterns in these hybrid pigs. Phenotypes E and B were the two most common adhesion phenotypes and C and F were two relatively rare phenotypes. Notably, animals having phenotypes G and H accounted for 10.43 % and 8.6 % of the entire F 2 /F 3 population, respectively. The weak adhesion phenotypes were at a high frequency, affecting distribution of adhesion patterns in the intercross population when considered as the susceptible or resistant phenotype. For instance, the proportion of phenotype E decreased from 39.07 % to 30.83 % whereas that of phenotype A increased from 8.97 % to 15 % when the weak adhesion phenotype was included as the susceptible phenotype.
DISCUSSION
In this study, we sampled pigs of Duroc, Large White and Landrace breeds from five, five and four provinces in China representing a broad genetic background, and observed the six ETEC F4 adhesion phenotypes described previously (Baker et al., 1997; Python et al., 2005) . Only two of 144 pigs showed phenotype G and none of them were of phenotype H. This supported the previous conclusion that only six F4 adhesion phenotypes exist in Western pigs (Baker et al., 1997; Python et al., 2005) . It has been shown that only ETEC F4ac appears to be of significance in colibacillosis in the United States (Moon et al., 1999) , hence only pigs of phenotypes A and B are at risk of infection by ETEC F4. In the current study, 65 % of Western breeding pigs showed phenotypes A and B, indicating that colibacillosis must be very common in these populations and those innately susceptible animals could result in considerable production inefficiency.
To investigate the prevalence of the F4 adhesion phenotypes in Chinese pig populations, we tested pure-bred pigs of 12 Chinese indigenous breeds representing six ecotypes. All Lantang and Tibet pigs were non-adhesive to three ETEC F4 strains. It should be noted that the five Lantang pigs tested were full-sib animals and the possibility of the existence of susceptible animals in this breed could not be ruled out. Twelve Tibet piglets were selected from 10 unrelated sire families, which were originally sampled from their habitat at an altitude of 2500-3500 m in the QinghaiTibet plateau. The resistance of Tibet pigs to ETEC F4 coincides with its breed characteristics of good adaptability to the tough living conditions. Chinese Erhualian, Meishan and Fengjing pigs, characterized by prolificacy, are classed in the Taihu breed (Zhang et al., 1986) . It has been reported that pigs of the Meishan and Fengjing breeds are mainly resistant to ETEC F4ac (Chappuis et al., 1984; Michaels et al., 1994) . In this study, a majority of the Erhualian (10/14) and Rongchang (11/13) pigs were resistant to the F4ac variant; this is consistent with the previous reports. A high proportion of animals susceptible to at least one F4 strain was found in the other Chinese breeds, including Laiwu, Shaziling, Jiangquhai, Hang, Tongcheng and Yushan breeds, indicating that diarrhoea caused by ETEC F4 could be prevalent in neonatal and weaning piglets of many Chinese indigenous breeds.
There have been different assumptions about the loci encoding the F4ab/ac receptors. On the basis of the observation that brush borders binding F4ac bacteria Distribution of ETEC F4 adhesion phenotypes in pigs always bound F4ab bacteria, Bijlsma & Bouw (1987) and Python et al. (2002) proposed that the intestinal receptors for F4ab and F4ac were encoded by a single locus. However, Guérin et al. (1993) proposed that the F4ab/ac receptors were under the control of two closely linked loci. Our results revealed pigs of phenotypes G (F4ab
2 ) and H (F4ab 2 , F4ac + , F4ad + ) in the tested animals, especially in the White Duroc6Erhualian resource population. The existence of phenotypes F and G (only binding F4ab and F4ac, respectively) is consistent with the assumption of Guérin et al. (1993) that the intestinal F4ab and F4ac receptors could be encoded by different loci.
In this study, the distribution of eight adhesion phenotypes was disproportionate in all tested pig populations. In general, phenotypes A, B and E were the more common phenotypes. This could be caused by different linkage disequilibrium among the loci encoding the three F4 receptors. Alternatively, pigs of phenotypes A, B and E might have desirable production characteristics that make them preferentially selected as breeding stock, or those pigs may have an increased vitality before reproduction (Baker et al., 1997) .
We observed few animals (n56) having the weak adhesion phenotype in pure-bred pigs in contrast to the large number of animals (n590) in the White Duroc6Erhualian intercross. Nearly all pigs with phenotypes A and B in pure-bred pigs showed strong adhesion patterns, which is consistent with previous reports (Baker et al., 1997; Python et al., 2005) . However, weak adherence was observed in pigs having phenotypes A, B, C, and F in the resource population. The reason for the discrepancy between the pure-bred and intercross populations remains unknown, and the inheritance and biological significance of the weak adhesive phenotype are still unclear. It has been supposed that the weak adhesive phenotype could result from the influence of epistatic genes on receptor expression or from post-expression inhibition or modification of the receptor sites, or the digestion of receptor by proteinase (Bijlsma & Bouw, 1987; Chandler et al., 1994; Python et al., 2005) .
Two types of adhesion have been observed for F4ad: strong and weak (Hu et al., 1993; Python et al., 2005) . We also observed the strong and weak adhesion patterns in phenotypes A and D, confirming the existence of two F4ad receptors in swine. However, previous reports about the expression of the weak F4ad receptor are confusing. Hu et al. (1993) observed that the strong receptor for F4ad was expressed during the entire life whereas expression of the weak receptor for F4ad was terminated at 16 weeks of age. Contrarily, Python et al. (2005) reported that the age of pigs did not affect the expression of the weak F4ad receptor. In this study, two pure-bred piglets at 6-8 weeks of age and six adult White Duroc6Erhualian F 2 /F 3 pigs showed weak adhesion in phenotype D, hence supporting the result of Python et al. (2005) .
In conclusion, we determined the prevalence of resistance to the three ETEC F4 strains for 12 Chinese indigenous pig breeds and three Western commercial breeds introduced into China, and for a total of 1093 F 2 /F 3 animals in the White Duroc6Erhualian intercross. Pigs of the Chinese Tibet, Lantang, Erhualian and Rongchang breeds were highly resistant to the F4 variants, while both susceptible and resistant animals were found in the other breeds. Adhesion phenotypes of G and H were confirmed in both pure-bred and Erhualian6Duroc hybrid pigs, supporting the assumption that the three intestinal F4 receptors may be encoded by distinct loci. The weakly adherent phenotype was observed for the three F4 strains at both young and adult ages; however, the inheritance of this phenotype and its correlation with susceptibility to disease are not known.
